Abstract-Unlike in the traditional half-duplex (HD) mode of transmission over a wireless link, in the full-duplex (FD) mode both terminals receive and transmit on the same frequency band, simultaneously. Hence, FD gives us up to twice the spectral efficiency of HD, has the potential to resolve the hidden terminal problem, and makes relaying much more efficient. As such, FD is one of the most promising new physical layer techniques being developed at the moment. However, a major difficulty in achieving FD operation is that it requires cancelation of selfinterference. In this demonstration, we show various methods of operating in FD mode, offering live, interactive, and visual insight into the operation of the link. The parameters shown include the power budget, signal-to-interference-and-noise ratio, frequency spectrum, constellation graphs, and bit error rate. We compare the operation of the same link in HD and FD mode, highlight the effect of each type of cancelation, as well as show what happens when self-interference is not mitigated at all.
I. INTRODUCTION A. Motivation
Practically all wireless communication systems today operate in half-duplex (HD) mode. The two communicating transceivers either take turns using the medium, or divide it into two disjoint frequency bands, in order to transfer information in both directions. In full-duplex (FD) mode, both transceivers receive and transmit on the same frequency band, simultaneously.
Hence, the immediate advantage of FD is that it offers up to twice the spectral efficiency of HD. FD is applicable in any frequency band, any modulation and coding technique, and even in multiple input multiple output (MIMO) systems. Hence, in principle it can be used to enhance any current or future wireless standard. Given the general shortage of spectrum today, possibly doubling the efficiency of its use is of very high practical value.
But the indirect impacts of FD are going to be of even more importance. For example, FD eliminates the hidden terminal problem, in an elegant and efficient way. Because an FD node can transmit a "busy" signal while receiving, it is possible to prevent packet collisions from otherwise hidden terminals, and thus improve the efficiency of the medium access control layer without using any extra bandwidth or time slots.
Possibly the most significant impact of FD is in relaying. Unlike a traditional HD relay, which must divide its time or frequency resources between receiving from the source and relaying on to the destination, an FD relay is capable of doing both at the same time with full bandwidth. With relays playing a key role in many new wireless standards, soon FD relays may find a place in real world wireless networks.
However, a key practical weakness of FD is the strong selfinterference that must be mitigated. This is indeed the reason that FD terminals have not been built in the past.
B. Related work
Recently, a number of contributions have shown how various self-interference suppression techniques can be combined to achieve FD operation [1] - [5] . This has made FD wireless communication a practical reality, albeit with varying levels of performance, which depends on the level of suppression achieved and geometry (node and antenna separation). The advent of practical FD systems has also triggered interest in the study of their fundamental properties, trade-offs, and limitations, e.g. [6] .
II. TESTBED ARCHITECTURE Some features are common to all self-interference suppression techniques. They all include one transmit and one receive chain, as well as one or more cancelation signals, that neutralize the self-interference. These signals can be generated in a variety of ways, some of which are described in the references above. Cancelation can be done in the electromagnetic domain, radio frequency (RF) domain, analog baseband, or after the analog to digital converter, in the digital baseband domainor any combination of these. One of the ways to generate the cancelation signal is by a dedicated second transmit chain.
Hence, each FD node in our testbed has a generic architecture, with two independent transmit chains and a receive chain. Behind these, each node also contains computing power for the required baseband processing. This computing power is composed of a real-time controller and field-programmable gate arrays (FPGAs). The FPGAs and the real-time controller are interconnected via a high-bandwidth backplane. Each FPGA controls a software defined radio (SDR) module, which generates the RF signal from the digital baseband samples supplied by its FPGA. The SDR modules are capable of generating RF signals up to 100MHz of bandwidth, anywhere in the spectrum between 200MHz and 4.4GHz. Together, these parts constitute the processing unit (PU) of the FD node.
In addition, each node also has an antenna module (AM). This is made up of one or more antennae, and the required discrete RF components. These include splitters, amplifiers, attenuators, circulators, and baluns. Figure 2 shows an FD node with its PU and an antenna module. The software components in the testbed are implemented in LabView and MATLAB. Each PU executes LabView code, some of which is mapped onto the FPGA, while the rest runs on the real-time controller. On top of this code is an interface to MATLAB, which we developed exclusively for this testbed. This interface allows us to run a complete toplevel application in MATLAB, coordinating one or more FD nodes, in any particular transmission scenario we may wish to examine. This software architecture also allows us to perform rapid prototyping on the testbed.
III. DEMONSTRATION
In this demonstration, we focus on a single wireless link. It employs orthogonal frequency-division multiplexing (OFDM), over a bandwidth of up to 100MHz. The link operates in the 2.4GHz industrial, scientific, and medical (ISM) radio band, with transmission powers up to 0dBm, although these parameters may be adjusted if needed.
Initially, the link is operated in the classical HD mode. The quality of transmission over this link is demonstrated visually, and many of the operating parameters -such as signalto-interference-and-noise ratio (SINR), the signal spectrum, constellation graphs, and bit error rate -are shown in a live and interactive way. In this mode the link operates at high SINR, but carries only one-way traffic.
Next, the link is switched to the FD mode, without the appropriate mitigation of self-interference, and the transmission of course completely fails. The change in operating parameters such as SINR are shown, and the new power budget for the link is given, showing why such a scenario is unfeasible.
Finally, several techniques for self-interference cancelation are deployed, allowing the signals in both directions to be received properly again. The amount of suppression of selfinterference achieved by each stage of cancelation (analog RF, digital) is shown, as well as how this affects the power budget. This change results in an improved SINR on both sides. We confirm visually that the flow of information is now bi-directional, with only a slight degradation in quality compared to the HD mode.
IV. SPACE REQUIREMENTS
This demonstration requires one, or preferably two plain tables or desks, and sufficient electricity supply for three personal computers. If possible, we would ask for an additional board next to the desk(s), on which to hang one A0 poster.
